Background: Geriatric reference intervals (RIs) are not commonly available and are rarely used. It is difficult to select a reference population from a cohort with a high degree of morbidity. Also important are the statistical approaches used to determine health-associated reference values. It is the aim of this study to examine the statistical methods used in the calculation of geriatric RIs. Methods: A search was conducted on EMBASE and Medline for articles between January 1989 and January 2014. Studies were selected if they: 1) were English primary articles; 2) performed a clinical chemistry test on a blood fraction; 3) had a population sub-group consisting of individuals ≥ 65 years of age; and 4) calculated a RI for the subgroup ≥ 65 years of age. Results: There were 64 articles identified, of which 78.1% described the RI calculation method used. RI calculation was performed by non-parametric (21.9%), parametric (42.2%), robust (3.1%), or other (17.2%) methods. Outlier detection (SD, Grubb's test, Tukey's fence, Dixon) was infrequently used and although most studies performed partitioning, only 57.8% tested the statistical significance of the partitions. Few studies (17.2%) reported confidence intervals for the RI estimates. Overall, only 14.1% of studies provided RI estimates which followed the CLSI guideline EP28-A3c. Conclusions: Statistical methods for RI calculation and partitioning varied considerably between studies and
Introduction
Geriatric reference intervals (RIs) for laboratory tests are not commonly used. To aid in clinical decision-making, all laboratory tests require RIs to provide healthcare professionals with a normal range of values for comparison of patient test results [1] . Applicability of a RI is, however, dependent on how it was determined which includes factors, such as selection of the reference sample, sample size, analytical factors, such as instrumentation, biological factors, such as sex, age, demographic and lifestyle factors and even statistical approaches used in RI calculation [2] .
Many methods for estimating RIs exist, however, there are three approaches that are most commonly used and are described in the Clinical and Laboratory Standards Institute (CLSI) guideline EP28-A3c for establishing RIs [3] . If the analyte measurements follow a Gaussian distribution, the parametric method of RI calculation may be applied [2] . This method computes the limits of a RI as mean±2 SD (2.5th and 97.5th percentiles) and historically is the most commonly used [4] . Unfortunately, many studies inappropriately apply this method to data where the normality assumption is not met [4] . If skewed, it is possible to transform the data, usually using a log transformation. This is simple to do mathematically, but log data is not intuitively easy to interpret [2] . Alternatively the non-parametric method, which does not hold any assumptions about the underlying distribution, can be used. With this method, the sample measurements are rank ordered and the corresponding 2.5th and 97.5th percentiles are set as the RI [4] . The guideline suggests the use of the non-parametric approach to estimate the 2.5th and 97.5th percentiles for samples of ≥ 120 healthy subjects. In practice, obtaining a minimum of 120 samples can be very labor intensive and expensive [2] . This is particularly true for special populations, such as the elderly where morbidity is prevalent. It was reported by Horn and Pesce in 2003 that to obtain a 70-80-year-old healthy reference sample, nine out of every 10 people would have to be excluded [4] . When it is impossible to obtain the minimum number of samples, the guideline suggests the robust approach as an alternative method [3] . The robust approach is more statistically complex, involving an iterative procedure to estimate the median and median absolute deviation of the observed data [5] .
The CLSI also provides guidelines for dealing with outlier data, partitioning the population to account for certain factors, such as age and sex, and for reporting RIs. Both outlier detection and partitioning should be done prior to calculating RI limits. Two different tests proposed by Dixon and Tukey respectively have been approved by the CLSI as methods for identifying outliers with the suggestion that identified outliers be removed [6, 7] . Partitioning is recommended by the CLSI as a method for determining RIs for different subclasses of the population, i.e. different sex or age groups. Tests, such as the ones by Harris and Boyd or Lahti, are suggested as methods for evaluating the statistical significance of these partitions [8, 9] . In terms of reporting RIs, it is also proposed that confidence intervals be provided to assess the precision of RI estimates [3] . These guidelines were developed primarily to establish a method of RI determination for adults and are silent on how to address concerns specific to elderly populations.
Identification of outliers, for instance, can become quite a cumbersome task in elderly populations where there is an apparent increase in biological variability [10] . It is plausible that it can become harder to discern which data points are true outliers when the sample is subject to more variability. In addition, the physiology of aging has a large impact on blood tests of the elderly. Geriatric patients commonly have one or more morbidity, may be taking multiple medications and have various ranges of physical ability, all affecting their biological states [11] . To effectively account for these factors a larger number of partitions would be necessary than would be for adult populations, making the minimum sample requirement even harder to obtain.
Before addressing the issues of applying current RI guidelines to geriatric populations it is first important to know what geriatric RIs are available in the literature and second to know what statistical methods have been used to determine them. A systematic review of past and current literature was performed to summarize what geriatric RIs are available. This paper specifically aims at examining the statistical methodologies used in these papers.
Materials and methods
A literature search on EMBASE and Medline databases was performed to identify articles published between January 1989 and January 2014. A preliminary literature search revealed an increase in the number of articles reporting elderly RIs published in 1989 into the early 1990s, validating the search start date. This preliminary literature search also identified useful search terms. Comprehensive searches were then performed using the terms 'reference intervals', 'reference ranges', 'reference values' and 'reference parameters' crossed with (operator AND) 'elderly', 'old', 'geriatric', 'older adult' with the field limit 'humans' (full search criteria located in Supplemental Table 1 ). A total of 985 articles, 982 with removal of duplicates, were found using these search criteria and imported into DistillerSR (Evidence Partners Incorporated, Ottawa, ON, Canada) for review.
Title and abstract screening was performed to select for articles that were in English, were primary research articles, performed a test on a blood fraction, measured a clinical chemistry analyte, and included people ≥ 65 years of age. Full text screening ensured the remaining articles had calculated a RI for at least one subgroup consisting only of individuals ≥ 65 years of age. The purpose of each study was identified using searches for the key terms 'objective', 'aim', 'goal' and/or 'purpose'. Study purposes were then categorized into one of three groups: to establish RIs in general, to establish elderly RIs specifically, or to test a new analytical method of measurement for a given analyte.
Finally, data extraction was performed to extract all geriatric RIs, reference sample selection data, and information regarding analytical procedures. All data regarding statistical methods including the use of outlier detection, partitioning and partitioning tests, RI calculation and confidence interval reporting were also captured and are the focus of this article.
Results
The search strategy identified 985 articles. Title and abstract screening resulted in the selection of 344 studies (Figure 1 ). After full text screening a total of 100 studies ( Figure 1 ) were found to have met the full text screening eligibility criteria. Of these studies there were 36 that described age-specific RIs for prostate-specific antigen (PSA). For the purposes of this systematic review these studies were excluded. Therefore a total of 64 papers were selected for final inclusion in the review (see Supplemental Table 2 ).
These studies were published in a variety of countries with the majority of publications (74.2%) coming from Europe and 21.0% coming from the US. Most studies were conducted to either establish a new method of analytical measurement (26.6%) or to calculate RIs in general (40.6%). Only one third of studies (35.9%) aimed to establish RIs specifically for the elderly and 29.7% looked only at people ≥ 65 years of age. In total 1094 geriatric RIs were captured from the 64 included studies. RIs were found for 94 analytes representing a broad range of physiological tests including markers of kidney and liver function, hormones, metabolites, lipids and enzymes.
A summary of the statistical methods used in establishing RIs are provided in Table 1 . Detailed descriptions of the statistical methods for papers whose main purpose was to establish RIs specifically for the elderly (n = 23) are outlined in Table 2 . Detailed descriptions for all included articles can be found in Supplemental Table 2 .
Only 34.4% of the 64 studies performed any type of outlier removal. The most common methods used were the standard deviation method (outside 3SD) (9.4%), the Grubbs' test (4.7%), Tukey's fence (6.3%), and Dixon criteria (6.3%). Some studies removed outliers based on more subjective criteria, e.g. Erdogan et al. [35] removed the top 10% of values for methylmalonic acid based on the fact that clinical histories associated with the samples obtained were unknown and there may be suspect disease within this tail-end population.
Most studies (92.2%) considered the need to look at the homogeneity of the data to determine if partitioning was needed ( Table 1) . Tests of significant differences between these partitions (primarily for sex and/or age) however, were conducted by only 57.8% of the studies. Despite using statistical tests of difference, only 10.9% collapsed insignificant partitions, 6.3% collapsed some insignificant partitions but not others, and 17.2% did not collapse insignificant partitions at all. For example, Shi et al. [36] looked at NT-proBNP and after partitioning age by decades found the only significant difference to be between persons aged 61-70 and aged 71-85 using the Kruskal-Wallis test, but in the end reported all RIs by decade. In contrast, another study that also estimated RIs for NT-proBNP, collapsed partitions that were proven to be significantly different. Alehagen et al. [12] after partitioning by 5-year age intervals demonstrated using an ANOVA with a post-hoc test, that NT-proBNP concentrations were significantly different in persons aged 71-75 (n = 120) compared with those older than 75 years (n = 53). However, only one RI for NT-proBNP was reported ( ≥ 65 years) due to sample size restraints of the 5-year age intervals [12] . Overall, there was inconsistency in how partitions were dealt with in regards to the number of samples per partition and their significance. Methods for the calculation of RIs substantially varied between studies and some studies employed more than one method (Supplemental Table 2 ). Fourteen studies [14, 19, 21, 22, 30, 32, 33, 35, [37] [38] [39] [40] [41] [42] implemented the rankbased non-parametric approach recommended by the CLSI although only six [14, 30, 32, 38, 40, 42] of these studies abided by the minimum requirement of 120 subjects per partition. Six [14, 22, 30, 32, 39, 40] of the 14 studies also provided confidence intervals for their lower and upper limit estimates.
Twenty-seven studies [18, 20, 22- Other methods of RI determination included using the mean±1.65 SD [20] , mean±SE [47, 52] , mean±SD [26, 29, 43, 48, 51, 58] , 5th and 95th percentile [18, 25, 48, 52, 57, 58] or 10th and 90th percentile [51] . Several studies reported RIs using more than one method [25, 46, 48, 51, 52, 58] . Only four [22, 25, 57, 59 ] of the 26 studies provided confidence intervals for their estimates.
Two studies [14, 30] employed the robust method and both provided confidence intervals. Eight studies [60] [61] [62] [63] [64] [65] [66] [67] employed reference curves to estimate RIs and only one study [60] calculated confidence intervals. Three studies [68] [69] [70] used other methods to determine RIs. The remaining 13 studies [12, 13, 15-17, 27, 34, 36, 71-75] did not provide enough specific details to classify the type of RI calculation method used and only one study [16] provided confidence intervals for their estimates.
Less than half of the studies included in this review (40.6%) referenced any guideline for calculating RIs with very few articles (12.5%) directly citing a RI guideline and ensuring the appropriate use of its methods. Twenty-six articles of the included articles were published in or after 2008, when the most recent CLSI guideline was published, however, only three of those used statistical methods that abide by the CLSI criteria. More importantly, only eight studies (12.5%) from all that were included were found to have reported statistically valid RIs that follow current CLSI criteria [14, 22, 25, 30, 32, 40, 57, 59] . Studies were classified as satisfying CLSI criteria if they explicitly stated the type of method used, applied parametric or non-parametric The non-parametric method refers to the rank-based procedure described by CLSI. The parametric method refers to reporting RIs as mean±2 SD. The robust method refers to the iterative bootstrapping method also described by the CLSI. Any other method used was classified as other. An asterisk (*) indicates the method type was not specifically stated within the paper but was able to be deduced or assumed by the information provided; e Mean±1.65 SD is equivalent to 5th and 95th percentiles and mean±2 SD is equivalent to 2.5th and 97.5th percentiles; f Defined as properly using one or more methods for establishing a RI as described by the CLSI and reporting confidence intervals for the associated estimates. Table 2 (continued) methods appropriately, and provided confidence intervals for their estimates.
A prime example of application of the CLSI guideline was the study by Huber et al. [22] . In addition to following the CLSI guideline as defined above this study also removed outliers and tested for significant differences between sex partitions using the Lahti method, collapsing those that were not significant. They also demonstrated a different approach to calculating geriatric RIs, attempting to eliminate the effect of aging by examining only 75 year olds [22] .
Discussion
This systematic review provided a comprehensive look at statistical methods that have been used to calculate geriatric RIs over the last 25 years. Evaluation of the 64 studies included in this review revealed gaps in reporting statistical methods used for calculating RIs and highlights the difficulties in applying current RI guidelines to geriatric populations. Attention to the high prevalence of disease and heterogeneity in biological aging in an older population, and limited sample sizes, was not addressed well in the majority of studies.
There are many steps in the process of determining RIs.The first common practice step to RI determination is the removal of outliers even when working with a healthy population. This helps to eliminate subjects with underlying undiagnosed conditions. However, it is not quantified how much certain analytes change as part of the 'normal' aging process. Certain trends toward increasing and decreasing values have been identified, e.g. the increase of creatinine with age [44] , but no limits have been established for what would be considered a normal increase vs. an increase that is indicative of disease. Therefore when examining outlier removal in the elderly it is important to remember that outliers may represent a natural variability within a given group of individuals [5] . A method to assess variability, such as sensitivity analysis could be performed to determine how influential outlying observations are on RI estimates [5] .
Furthermore, exclusion of outliers when using hospital or laboratory databases is a special case and statistical approaches, such as the Bhattacharyya method should be used to select 'healthy' individuals from these data sets to assure more reliable and valid RIs. Six studies [35, 38, 40, 50, 71, 75] used these datasets, but only one study [40] used the Bhattacharyya method. The selection of reference participants from these databases is not ideal or recommended by the CLSI, but may be useful for estimating RIs of hard to reach populations, such as the elderly.
In a recent systematic review examining statistical methods used for pediatric RIs [5] it was shown that the two most common outlier detection methods were the Dixon method and the Tukey method. The Dixon method compares D (the absolute difference between extreme observations and the next largest/smallest observation) and R (the range of all observations) to determine whether outliers exist in the data set [3] . Commonly, the Reed criteria is applied which suggests a ≥ 1/3 cut-off for D/R. This limit is considered conservative for large samples but may fail when > 2-3 outliers are present [3] which would not be uncommon in a geriatric population. The Tukey method consists of excluding outliers if they fall outside of 1.5 times the interquartile range [3] . Both methods are based under the normality assumption [5] and given that most analyte data for the elderly is skewed [11] a different method of outlier detection may be necessary.
Following outlier detection, data is partitioned into homogenous groups to reflect biological variability properly. For age, this is usually done by predefining chronological age categories for partitioning using 5-or 10-year age intervals. Using this method for elderly populations is difficult as it is hard to obtain large numbers of healthy elderly persons, especially when defining 'healthy' as the absence of disease which is typically done for RI studies. Furthermore, this categorical age partitioning may not be suitable for elderly populations given that one's chronological age may not be indicative of their biological state. Applying standard age partitioning to elderly persons results in grouping a number of people with heterogeneous health states together. For instance, consider even selecting two 70-year-old males in relatively good health. One is fairly mobile and walks without assistance compared to the other who is dependent on a wheelchair for day-to-day movement. This simple difference in mobility may alter the biological status of various analytical markers, yet standard partitioning methods would classify these individuals into the same reference population.
Rather than continuing the common practice of using categorical age partitions for the elderly it may be more useful to compare RIs for groups of individuals that are of similar biological states. To do this, it may be more worthwhile to consider visually assessing the data for more homogenous groups. This visual examination would allow researchers to identify groups that have similar laboratory values and can be done by using simple scatter or box plots [5] against age, gender, number and/or type of morbidity or any other covariates to identify changes in any given analyte.
Currently, there is no guideline that provides advice on how to choose the appropriate method to test significant differences between partitions, though it is mentioned by the CLSI guideline as a step that should be considered in RI determination. Common statistical tests used for this purpose and comparison of means and/or medians include the t-and F-tests for Gaussian data or the Mann-Whitney U-Test (or Wilcoxon Rank Sum Test) for skewed data. Alternatively, calculating all potential partitions and testing the resulting limits of different groups by the method of Lahti et al. [9] or Sinton et al. [76] could be done. Regardless of the method, insignificant partitions should be collapsed and significant partitions should be kept separate. Unfortunately, as described by Shi et al. [36] and Alehagen et al. [12] , it is difficult to do either with elderly populations. Both cases demonstrated that NT-proBNP concentrations change with age and both exemplify the difficulties that arise due to difficulties in obtaining sufficient sample sizes for age groups ≥ 65 years of age. In one case you have partitions appropriately set based on statistical tests but the sample sizes are inadequate. In the other you have two very different groups being grouped together to attain the recommended sample sizes. Neither case adequately portrays the differences in age with proper methods.
The final step in RI determination is the estimation of the lower and upper limits. When selecting which statistical method to use for this estimation it is important to consider the underlying assumptions and recommendations for each method. This review found that methods for calculating RIs significantly differed between studies but more importantly that the underlying distribution of the data often went unreported or was not considered in the approach that was chosen. Simple visualization of a frequency plot or a normal probability plot allows for assessment of the distribution and skewness of the data before deciding on a calculation method [5] .
Sample size was also not often considered when choosing the RI calculation method. This was evidenced by the number of articles that used the non-parametric method for partitions with fewer than 120 samples and little use of the robust approach for small sample sizes. The reason for limited use of the robust method could be due to its statistical complexity, although statistical software now exists that can accommodate these types of analyses.
The paucity of studies reporting confidence intervals for RI limits is a problem. This is because the width of a confidence interval indicates how precise RI estimates are and provides awareness of sampling variability. It is an important parameter for a geriatric population given the heterogeneity of this population even in the 'healthy' group. The precision of confidence intervals can be improved by increasing sample sizes, provided the sample is homogenous. Indeed it may need to be much greater than the recommended 120 samples to increase the precision of the calculated limits. The absence of confidence intervals also restricts any meta-analyses that could be performed across different studies for the same analyte. Furthermore, little work has been done to evaluate the impact of each calculation method on RI estimates [5] . Simulation studies to investigate this and the effects of outlier detection and partitioning methods are needed.
This systematic review was limited in scope to only published primary research studies although it is recognized that RI studies are often performed as part of requirements for clinical laboratory accreditation and often go unpublished. However, it is unlikely that very many have looked specifically at the geriatric population given that geriatric RIs are rarely used clinically. Furthermore, evaluation of study quality was not performed except in the limited sense of determining if they used criteria outlined in the RI guideline from CLSI [3] . There are currently no quality assessment tools available to evaluate the quality of RI studies.
In summary, there are relatively few published studies specific to geriatric RIs as compared to the adult population and the statistical approaches of their calculations are varied. This is in part due to the absence of appropriate statistical methods and guidance specific to this heterogeneous population. Descriptions of methods used in RI studies are also problematic in that incomplete information is provided, making it difficult to understand exactly how analyses are performed. Validity of geriatric RIs however, is not only based on appropriate statistical methodology but also on appropriateness of participant selection. This systematic review, focused only on the statistical methodology, found that most studies have failed to analyze the data correctly when estimating geriatric RIs. This highlights the need for improvement in the field of RI methodology, particularly for this unique population. Competing interests: The funding organization(s) played no role in the study design; in the collection, analysis, and interpretation of data; in the writing of the report; or in the decision to submit the report for publication.
